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ABSTRACT 
Which aspects of community structure and ecosystem processes are restorable for 
most ecosystems, and how can seedling emergence in restorations be increased? I quantified 
success for 8 - 10 year old large tallgrass prairie restoration sites managed with native 
ungulates and fire by comparing it to three nearby remnants. I used the additive partitioning 
model of diversity, where a is neighborhood (quadrat) scale diversity,~ is accumulation of 
species diversity across neighborhoods, and y is total diversity, and I decomposed a into 
richness and evenness. Proportion of exotic biomass was similar between restorations and 
remnants, but proportion of exotic species and ANPP was two to four times higher in 
restorations. Alpha diversity and richness in restorations were half that of remnants, and 
alpha evenness was similar between restorations and remnants. Distance between quadrats 
per se was not related to diversity after accumulated quadrat area was taken into account. 
Proportion of~ diversity was twice as high in restorations than remnants, possibly because 
patches of individual species were larger in restorations. 
Grassland restorations often lack rare forb and grass species found in intact grasslands 
potentially due to many reasons. I hypothesized that it could be due to seed limitation, 
dominance of C4 grasses (which can decrease number ofmicrosites), or a combination of 
both. Realistic disturbances such as native ungulate activities may create microsites in 
vegetation. I experimentally tested these hypotheses in tallgrass prairie restoration by adding 
rare forb and grass seeds in two trials inside and outside native ungulate exclosures and 
measured seedling emergence. I measured light, water, and standing crop biomass to test 
whether they were related to emergence. Grazing increased light availability and increased 
ANPP in June-August 2004. Seedling emergence was consistently greater with seed 
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additions and was conditionally greater with a combination of seeds and grazing. Grazing 
alone did not increase emergence. This suggests that low diversity in grassland restorations 
may be caused by combinations of seed and microsite availability. Grassland restoration 
may be improved if species coexistence can be increased. Restorations may be seed limited, 
and grazing alone may not increase emergence without seed additions. 
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CHAPTERl.GENERALINTRODUCTION 
Importance of Restoration 
Understanding how to restore native ecosystems is becoming more important with 
increased destruction of native habitat (Dobson, Bradshaw & Baker 1997). In an evaluation 
of frontiers of ecology, Thompson et al. (2001) stated, "We need to know which aspects of 
community structure are restorable once disassembled and which are not." However, 
determining whether restorations have been successful in achieving their objectives has only 
recently been attempted (e.g., Galatowitsch and van der Valk 1996, Kindscher and Tieszen 
1998, Allison 2002, Brye et al. 2002, Fuhlendorf et al. 2002, Sluis 2002, Polley et al. 2005). 
Restoring community structure (e.g., species composition and diversity) and ecosystem 
process rates are usually listed as the two main objectives of restoration projects and 
vegetation improvement studies (e.g., Palmer et al. 1997, Lockwood and Pimm 1999, Moore 
et al. 1999, Smith et al. 2000). However, if we are to develop a quantitative understanding of 
how successful restorations have been, we must develop stricter criteria with which to 
quantify success. 
Because of today's mitigation laws, it is especially critical to determine if restored 
ecosystems are equivalent to remnants. If ecosystems can be restored successfully, then 
mitigation laws claiming that a destroyed ecosystem can be replaced have more legitimacy; 
however, ifthe opposite is true (e.g., Callaway et al. 2003), then protecting remnant habitats 
will perhaps be our only acceptable option for conserving high quality ecosystems (Zedler 
and Callaway 1999). 
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Restoration Goals 
Restoring ecosystem processes (particularly productivity) is a common goal of 
restorations (e.g., Baer et al. 2003, Blumenthal et al. 2003) and it is often assumed to be 
associated with changes in diversity (Tilman 1999, Waide et al. 1999). For example, a 
greater number of species increased NPP and N retention in wetland restorations (Callaway 
et al. 2003), and affected NPP, insect richness and plant invasion rates in grasslands (Knops 
et al. 1999, Loreau et al. 2001, Kennedy et al. 2002). However, dominant species maintained 
NPP despite non-random loss of less common species in one study (Smith and Knapp 2003), 
implying that perhaps only a few common species are required to maintain ecosystem 
processes in some systems. 
Another goal of restorations that is becoming more common is to try to replicate the 
high levels of plant species and functional group diversity found in remnants. Species 
diversity has two components: richness (number of species) and evenness (how evenly 
abundance or biomass is distributed among species). Species richness is often used as a 
surrogate for species diversity, based on the false assumption that richness and evenness are 
always positively correlated and that richness makes up most of the variation in diversity 
(Stirling and Wilsey 2001, Wilsey et al. 2005). Contrary to this assumption, Wilsey et al. 
(2005) showed that evenness and richness were negatively correlated for plants within North 
American grasslands, which implies that both richness and evenness should be measured or a 
compound index of diversity should be used (Stirling and Wilsey 2001). 
Not only is it important to determine if species richness, evenness, and diversity of 
plant and animal communities have been restored, but it is also important to determine if they 
have been restored at all spatial scales. Restoring spatial components of diversity is rarely 
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recognized as an important goal in restorations, even though it is an important component of 
ecological systems (Menge and Olson 1990, Baer et al. 2003, Baer et al. 2004). For example, 
grasslands exhibit spatial variation in plant community diversity as a result of patchy grazing, 
wallowing, and urinating of native ungulates (Day and Detling 1990, Knapp et al. 1999). 
Determining Restoration Success Using Reference Ecosystems 
Determining how well restoration goals have been achieved is essential for 
determining how successfully an ecosystem has been restored, which will enhance our future 
ability to restore degraded ecosystems. Lockwood and Pimm (1999) suggest that the 
restoration practitioner can subjectively determine if the goals of restoration have been met. 
However, subjective methods of determining success do not quantify whether we have 
restored the ecosystem to levels of similar native communities. 
Quantifying restoration success by using reference information is a way to determine 
if restoration goals have been met (White and Walker 1997), even if the quality of the 
reference site is substandard (Aronson et al. 1995). White and Walker (1997) discuss two 
common types of reference information: historical data from the site to be restored and 
contemporary data from reference ecosystems. The first type eliminates the problem of 
finding representative sites to compare to the restoration, but gives no information regarding 
present ecological functioning or diversity under current climatic or stochastic conditions. In 
addition, historical data may often be insufficient or biased, therefore reducing ecologists' 
ability to reproduce historical ecological conditions. Moore et al. (1999) and Stephenson 
(1999) used reference conditions based on historical data to restore southwestern Ponderosa 
pine forests and giant sequoia forests, respectively, and problems with determining what 
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historical data are valuable (e.g. incorporating historical human influences) are apparent in 
their analyses. The second type of reference information, contemporary data from reference 
ecosystems, provides a range of ecological variability (both spatial and temporal) to compare 
to the restoration (White and Walker 1997). This approach is more useful with several 
reference sites in which a sufficient range of variability can be measured and then compared 
to the restoration (Hobbs and Norton 1996). Although contemporary reference systems are 
usually remnants of a once larger, probably continuous ecosystem (e.g., Cottam and Wilson 
1966, Sluis 2002), and thus probably estimate much smaller spatial and temporal variation 
than perhaps was historically evident, the remnants still provide the only surviving detailed 
information about community composition, diversity, and ecosystem functioning under 
current stochastic and environmental conditions in which the restoration must also persist. 
Therefore, using reference systems is a good way to quantify restoration success (Aronson 
1995, White and Walker 1997), and it allows ecologists to determine how well their goals of 
establishing native species, ecosystem functioning and diversity have been met. 
Improving Tallgrass Prairie Restorations 
Species richness and diversity are generally lower in tallgrass prairie restorations 
compared to remnants (Kindscher and Tieszen 1998, Sluis 2002, Polley et al. 2005), and 
dominance ofC4 grasses in restored grasslands is common (Camill et al. 2004). Management 
practices such as frequent spring fires in restorations may increase dominance (Howe 2000). 
Species richness and diversity may be lower in restorations due to a variety of reasons, but 
common hypotheses include that they may either be 1) seed limited, 2) microsite limited, or 
3) limited by a combination of both seeds and microsites (e.g., Tilman 1997, Zobel et al. 
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2000, Turnbull et al. 2000). If restorations are seed limited, then adding seeds should 
increase seedling emergence and diversity. If they are microsite limited, some type of 
disturbance should increase recruitment into the community. Grazing and trampling by 
native ungulates, such as bison, in tallgrass prairie restoration may be one such disturbance 
that increases available microsites by reducing dominant grasses, as has been found in intact 
grasslands (McNaughton 1979, Hartnett et al. 1996, Collins et al. 1998). 
Objectives 
The first objective of this research was to determine what aspects of community 
structure and ecosystem processes have been restored in a tallgrass prairie restoration. 
Unlike other studies that compared remnants and restorations to determine success, this 
restoration at Neal Smith National Wildlife Refuge is unique because it simultaneously 
incorporates native ungulates and fire for management. It is also currently the largest 
tallgrass prairie restoration in the U.S. 
The second objective of this research was to determine 1) whether native ungulate 
grazing increases resource availability crucial to seedling emergence and 2) what is limiting 
small-scale diversity in tallgrass prairie restorations. My hypotheses were that seedling 
emergence was limited by 1) seed limitation, 2) dominance of C4 grasses that lowered 
microsite availability or 3) a combination of both factors. No other studies have addressed 
this question in highly productive tallgrass prairie restorations using a realistic disturbance 
such as native ungulate grazing. 
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Thesis Organization 
The thesis is divided into four chapters. The first chapter consists of a general 
introduction to the study questions and discusses the main objectives of the research. The 
second and third chapters are papers prepared for publication. The second chapter has been 
accepted by the Journal of Applied Ecology, and the third chapter will be submitted to an 
international journal. The closing chapter discusses the overall conclusions and future 
considerations for tallgrass prairie restoration. 
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CHAPTER 2. AN ASSESSMENT OF GRASSLAND RESTORATION SUCCESS 
USING SPECIES DIVERSITY COMPONENTS 
A paper accepted by The Journal of Applied Ecology 
Leanne M. Martin1' 2, Kirk A. Moloney1•3 and Brian J. Wilsey1•3 
Summary 
1. We do not know which aspects of community structure and ecosystem processes are 
restorable for most ecosystems, yet this information is crucial for achieving successful 
restoration. 
2. We quantified three success criteria for 8 - 10 year old grassland plantings in large-scale 
tallgrass prairie restoration (reconstruction) sites relative to three nearby prairie remnant 
sites. The restoration sites included management of native ungulates and fire, important 
regulators of diversity and patchiness in intact grasslands. These have not been 
simultaneously incorporated into previous studies of restoration success. 
3. We used the additive partitioning model of diversity, where a is neighbourhood (quadrat) 
scale diversity, P is accumulation of species diversity across neighbourhoods, and y is total 
diversity. We decomposed a into richness and evenness to determine if both were equally 
restored. 
4. The proportion of exotic biomass was similar between the restoration and remnants sites, 
but the proportion of exotic species and aboveground net primary productivity remained 
between two and four times higher in the restoration sites. 
1 Graduate student, Associate Professor and Assistant Professor (Major Professor), respectively, Department of 
Ecology, Evolution and Organismal Biology, Iowa State University. 
2 Primary author and author for correspondence 
3 Secondary authors 
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5. Alpha diversity (Simpson's l/D) and richness (S) values were exceptionally high in 
remnants, and approximately twice those of the restoration sites. Alpha evenness was similar 
between the restoration and remnant sites. 
6. Distance per se between quadrats was not related to diversity after accumulated quadrat 
area was taken into account. Therefore, we may be able to use the additive partitioning 
model of diversity in areas that differ in size, at least at the scale of this study. 
7. Contrary to our original predictions, the proportion of~ diversity (1-D) was 
approximately twice as high in the restoration sites than in remnant sites, possibly because 
patches of individual species were larger in the restoration. 
8. Synthesis and applications. We show that current restoration methods are unable to 
restore plant diversity in tallgrass prairie. Grassland restoration will be improved ifthe 
number of species that co-exist can be increased. New, local-scale restoration techniques are 
needed to replicate the high levels of diversity observed in tallgrass prairie remnant sites. 
Introduction 
An increasingly common goal of ecosystem restoration is to replicate the high levels 
of plant species, trait, and functional group diversity found in remnant sites (Pywell et al. 
2003; Smith et al. 2003). Species diversity has two components (Stirling & Wilsey 2001): 
richness (number of species) and evenness (how evenly abundance or biomass is distributed 
among species). High evenness can increase invasion resistance, total and belowground 
productivity, and can reduce local plant extinction rates (Wilsey & Potvin 2000; Wilsey & 
Polley 2002, 2004; Smith et al. 2004). Species richness has been found to be lower in 
grassland restorations in comparison with remnant sites (Kindscher & Tieszen 1998; Polley, 
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Demer & Wilsey, in press), and in contrast to expectations, richness has even decreased with 
time since restoration (Sluis 2002). Previous comparisons between restorations and remnants 
have revealed no differences in evenness (Kindscher & Tieszen 1998) though such a finding 
may depend on the scale of study (Polley, Demer & Wilsey, in press). These examples of 
restoration, however, have not included the impact of grazing, which has been known to 
increase evenness in intact systems (McNaughton 1979; Hartnett, Hickman & Walter 1996). 
Restoring spatial components of diversity is rarely recognized as a goal in restoration, 
even though it is an integral component of ecological systems (Menge & Olson 1990; Baer et 
al. 2003; Baer et al. 2004). Native ungulate activities in intact grasslands can increase f3 
diversity (patchiness) of plant communities due to spatially variable grazing patterns, 
urination, and wallowing (Knapp et al. 1999). 
Restoring community structure (e.g., species composition and diversity) and 
ecosystem process rates are usually listed as two main objectives of restoration and 
vegetation improvement (e.g. Palmer, Ambrose & Poff 1997; Lockwood & Pimm 1999; 
Moore, Covington & Fule 1999; Smith et al. 2000). However, we must develop criteria with 
which to quantitatively measure success if we are to develop more successful restorations. 
We propose that restoration success should quantify how well four main ecosystem attributes 
have been restored (modified from Bradshaw 1996 and Hobbs & Norton 1996): 
1. the proportion of native species; 
2. ecosystem processes (e.g., net primary productivity and nutrient cycling); 
3. plant diversity at all spatial scales; 
4. animal and microbial diversity at all spatial scales. 
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In this study, we focused on the first three criteria because primary productivity and 
vegetative habitat components usually have to be restored before animals are reintroduced 
(Merrill et al. 1999). Our objective was to quantify success of grassland plantings within a 
large tallgrass prairie restoration (reconstruction) project in Iowa, USA, compared with three 
nearby remnant prairies. Tallgrass prairie is an appropriate ecosystem in which to evaluate 
restoration success because it is one of the most endangered ecosystems, with 82 - 99% of 
North American tallgrass prairie now converted (Samson & Knopf 1994), and its diversity 
and productivity can be measured relatively easily. Our study provides a valuable 
perspective on tallgrass restoration as plantings were located in the largest tallgrass prairie 
restoration in the USA, and the restoration sites included both fire (Cottam & Wilson 1966; 
Sluis 2002; Polley, Demer & Wilsey, in press) and native ungulate grazing, which are two of 
the most critical regulators of intact grassland structure (Collins et al. 1998; Knapp et al. 
1999; Copeland, Sluis & Howe 2002). 
Materials and Methods 
Restoration Study Site 
Neal Smith National Wildlife Refuge contains the largest prairie restoration 
(reconstruction) project in the USA. The objectives of the refuge staff are to use locally 
collected seeds combined with prescribed fire and grazing by native ungulates to restore 
tallgrass prairie. The restoration site was established in 1991 in southern Iowa, USA 
(41°33'N, 93°17'W) and is currently 2,104 ha, of which approximately 1,200 have been 
seeded with tallgrass prairie species. Bison and elk were reintroduced to a 303-ha enclosure 
in 1996 and 1998, respectively, which is where our study took place. Prior land-use included 
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com (Zea mays L.) and soybeans (Glycine max (L.) Merr) rotations and a few scattered 
pastures, and crops were probably fertilized on an annual or biannual basis. There were 20 
different plantings in this area (mean size 14 ha), and each was seeded with separate bulk 
mixes collected from local prairie remnant sites. Management practices included yearly 
spring burning, which is a common practice at the outset ofrestoration projects (Packard & 
Mutel 1997, Copeland, Sluis and Howe 2002), and occasional mowing to control exotic 
species (Pauline Drobney, personal communication). However, none of our sites was burned 
or mowed during the years (2002 and 2003) of our sampling. Three nearby tallgrass prairie 
remnants were selected for a range of reference sites based on their proximity to the 
restoration (A.C. Morris= 36 km; Rolling Thunder= 51 km; Sheeder= 109 km), similar soil 
types (mollisols) and, most importantly, because they had never been ploughed or overseeded 
with forage grasses. The A.C. Morris Prairie (41°47'N, 92°58'W) is an 8 ha remnant that 
was grazed before 1977; Rolling Thunder Prairie (41°12'N, 93°39'W) is a 50 ha remnant that 
was grazed by cattle before 1983 (Herzberg & Pearson 2001); and Sheeder Prairie (41°41 'N, 
94°35'W) is a 10 ha remnant that was cut for hay and possibly grazed by cattle prior to 1968 
(Herzberg & Pearson 2001). Current management ofremnant sites includes prescribed 
burning every few years. Annual precipitation at all sites has a unimodal distribution with 
peak precipitation in May-June, and averages approximately 882 mm year-1• 
Sampling Design 
To standardize our sampling, we selected eight plantings within the enclosure at Neal 
Smith that were seeded between 1994 and 1996 on formerly cropped areas. Paired 6 x 8 m 
plots (left and right) were established in each of the eight plantings in the restoration. Plots 
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were paired because of their utilization in a separate study and pairing was taken into account 
in statistical analyses as explained below. By request of refuge staff, restoration plots were 
kept out of view of visitors when possible, and this precluded completely random locations. 
The C3 grass Elymus canadensis was added to the mix (6.7 kg ha-1) as a cover crop for 
plantings in the northern half of the site. Therefore, the sampling pattern in restored 
plantings resulted in four paired plots (eight total) in which E. canadensis was included in the 
seed mixes and four paired plots in which it was not. Eight plots of 6 x 8 m were also 
established within each remnant using randomly sampled locations. 
Sampling Methods 
Above-ground biomass was clipped to 2 cm in a 40 x 100-cm quadrat within each 
plot at each site, and surface litter was collected during three periods: 24 September- 2 
October 2002; 27 May- 9 June 2003 and 19 - 26 August 2003. Early and late sampling 
dates were used to insure sampling of both early and late-growing species. We sorted 
aboveground plant material from each plot into live (at least some green present) and 
standing dead (green absent) mass, and then sorted live material by species. Biomass, 
standing dead mass and litter were dried to constant mass (for 48 hrs) at 65°C and weighed. 
The proportions of exotic biomass and species (exotic/total) were calculated at the 
quadrat level. Plant species were designated as native or exotic based on Eilers & Roosa 
(1994), with the exception of Rubus ablatus, which was designated as native using 
Widrlechner (1998). 
Aboveground net primary productivity (NPP) was estimated with peak biomass, and 
consumed biomass was added to peak biomass at the restoration sites for 2003. 
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Consumption was estimated using the temporary exclosure technique of McNaughton, 
Milchunas, & Frank (1996). 
Species Diversity 
To quantify spatial aspects of diversity, we partitioned it into a and P components 
(Whittaker 1960; Lande 1996), where a was neighbourhood ( quadrat)-scale and y was 
prairie-scale diversity. We used the additive partitioning model of diversity (p = y-a) 
because y, a, and p have the same units and thus can be compared directly (Lande 1996; 
Crist et al. 2003). Alpha diversity was calculated using Simpson's diversity index 1/D 
(hereafter referred to as Simpson's diversity), where D = Lp/, with Pi being the relative 
biomass of each species i. Alpha diversity was then decomposed into richness (S) and 
evenness (E) components (Buzas & Hayek 1996; Smith & Wilson 1996). Evenness was 
calculated as E = 1/D/S because this index is mathematically independent of richness (Smith 
& Wilson 1996). Gamma (y) diversity was partitioned into a and p using the 1-D form of 
Simpson's index (hereafter referred to as 1-D) and S because of their desirable statistical 
properties when additively partitioned (Lande 1996). 
Sites differed in size, and thus plots differed in their distance from one another within 
a site. Varying distances between quadrats could potentially complicate comparisons of 
sites. To determine if distance between quadrats was related to diversity above and beyond 
the effect of accumulated quadrat area, we plotted all possible combinations of S and 1-D 
against area, and then estimated the best-fitting curve (a three-parameter power curve; y = y0 
+ axb) to data from each site (Fig. 1 ). We then tested if residuals from these plots were 
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related to mean distance (measured using Arc View GIS) between quadrats with linear 
regressions. 
Statistical Analyses 
We performed repeated measures ANOV A for each variable except proportion of p 
diversity, because an appropriate test of between-group differences has not been developed. 
For the proportion of P we took the conservative approach of assigning significance if the 
restoration mean was outside the range of remnant sites. Paired plots were more similar 
(Bray-Curtis similarity measure, Krebs 1998) to each other than to other plots within the 
restoration, indicating that pairs were not completely independent of each other. Therefore, 
we adopted the conservative approach of using the degrees of freedom (7) associated with 
one plot from each pair to test restoration vs. remnant effects. We did not average across 
pairs so that they would be more comparable to the sampling design in each remnant. 
Aboveground NPP, litter, and standing dead mass were In-transformed before analyses to 
improve normality. A priori contrasts were used to test the hypothesis that the restoration 
sites differed from the three remnant sites combined. 
In a separate analysis using the restoration site only, we tested for differences 
between the Elymus canadensis cover crop treatment using repeated measures ANCOV A 
(distance from Walnut Creek was a covariate because the creek potentially carried exotic 
seeds). In this analysis, we averaged across paired plots within each planting. We tested 
proportion of exotic species and biomass, number of exotic species and a diversity (S, E, and 
1/D). 
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Results 
Proportion of Exotics 
Restored plantings were dominated by the native grasses Andropogon gerardii and 
Sorghastrum nutans or the forb Helianthus grosseserratus (Table 1). The proportion of 
exotics per 0.4 m2 was not consistently greater in the restoration sites and depended on 
whether the proportion of species or proportion of biomass was used (Table 2 and Fig. 2). 
Proportion of exotic species was between 236 and 413% higher in the restoration than in 
remnant sites (Fig. 2a). The absolute number of exotic species was also significantly greater 
in the restoration sites (Table 2). However, the proportion of exotic biomass was not 
significantly different between the restoration and remnant sites (Table 2 and Fig. 2b ). The 
exotic Poa pratensis made up a large portion of biomass in remnants and accounted for the 
lack of a difference (Table 1 ). Across sites, proportion of exotic biomass was greatest in 
May-June 2003 (Table 2 and Fig. 2b). 
At the restoration sites, the proportion of exotic species was significantly greater in 
plantings without the cover crop treatment (F1,5 = 8.99, P = 0.03; mean across times for cover 
crop= 0.18; no cover crop= 0.45). The cover crop treatment had no effect on exotic 
biomass and absolute number of exotic species (F1,s = 0.06, P = 0.81; F1,s= 2.02, P = 0.21, 
respectively; means of 0.12 and 2.3 for cover crop and 0.17 and 3.5 for no cover crop for 
biomass and exotic species, respectively). 
Ecosystem variables 
Aboveground net primary productivity (g m-2 year-1) without consumption added was 
similar between the restoration and remnant sites for 2002 and 2003 (F 1,28 = 0, P > 0.1, F1,28 
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= 1.18, P > 0.1) but it was significantly greater at the restoration sites when we included 
estimates of consumption in 2003 (F1,2s = 16.84, P < 0.01; Table 3). Litter mass was 
significantly greater in the restoration sites in 2003 (time-contrast interaction, Fz,56 = 5.21, P 
< 0.01), whereas standing dead mass did not differ (F1,2s = 2.31, P = 0.14; Table 1). 
Alpha Diversity 
Simpson's diversity and richness at the plot scale were significantly greater in 
remnant sites, but a. evenness did not differ between the restoration and remnants sites (Table 
2 and Fig. 3). Simpson's diversity and richness in the restoration sites were 43 -47% and 43 
- 58% that ofremnant sites (Fig. 3). Temporal variation in species richness differed between 
the restoration and remnant sites, with an increase through time in restoration sites, while 
remnant sites peaked in May-June 2003 (time x contrast interaction, Table 2 and Fig. 3a). 
Alpha richness was greater in the remnant sites in spring because of the greater number of 
rare vernal forbs that were absent from the restoration sites. 
Simpson's diversity and evenness were significantly greater in the cover crop sites 
(F1,s = 36.33, P < 0.01; F1,s = 7.47, P = 0.04; means of3.9 and 0.4 for cover crop and 1.2 and 
0.2 for no cover crop for Simpson's diversity and evenness respectively). Species richness 
was significantly greater in the cover crop treatment during the 2003 dates (time-contrast 
interaction; Fz,10 = 4.93, P = 0.03; mean richness of 7.3, 11.8 and 14.2 for cover crop and 7.0, 
6.9 and 6.5 for no cover crop for Sept-Oct 2002, May-June 2003 and August 2003, 
respectively). 
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Proportion of fJ Diversity 
After considering accumulated quadrat area, distance was not significantly related to 
species richness or diversity (richness: mean slopes: 0.00035, range: -0.0097 to 0.0127, r2 
values :S 0.03; diversity: mean slopes: 0.00013, range: -0.0001 to 0.0005, nine r2 values :S 
0.04; remaining 3 between 0.08 and 0.17). Therefore, based on this lack of a relationship, we 
estimated 'Y diversity using combined quadrats (e.g. Crist et al. 2003). 
In contrast to our expectations, the proportion of p diversity was 175 - 226% greater 
in the restoration sites than in remnant sites (Figs 4d-f). The proportion of p richness was 
104 - 117% greater in the restoration sites than in remnant sites (Figs 4a-c ). 
Discussion 
The few studies attempting to determine grassland restoration success have not 
included restorations that managed both fire and native ungulates, which can affect species 
richness, evenness, and patchiness in intact ecosystems (McNaughton 1979; Hartnett, 
Hickman & Walter 1996; Collins et al. 1998; Knapp et al. 1999). Although we found large 
differences in diversity and NPP between restoration sites and remnants, site managers were 
able to restore dominant native prairie species and levels of native biomass. The most novel 
of our findings was that in contrast to our expectations, we detected a greater proportion of p 
diversity and richness at the restoration sites, and distance between quadrats did not affect the 
analysis of spatial diversity components, at least at this scale. The proportion of native 
biomass may be easier to restore than the very high small-scale species richness and diversity 
of remnants. 
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Abandoned crop fields often have high levels of nitrogen which can lead to very high 
productivity in early restoration and conservation plantings (Baer et al. 2002; Blumenthal, 
Jordan & Russelle 2003), and our results were consistent with this trend. Higher NPP might 
have been at least partially responsible for lower diversity of the restoration sites ifhigh 
biomass and litter were suppressing recruitment of rare species. 
Cover Crop 
Cover crops are thought to influence growth of seedlings positively (Withgott 2000), 
but few studies have tested this hypothesis. Pywell et al. (2002) did not detect a positive 
influence of a cover crop on diversity, although it significantly reduced the number of 
unsown grass species after the first year. Our study found that a cover crop significantly 
increased species diversity, richness and evenness, and reduced the proportion of exotic 
species. However, treatments were not fully interspersed in the current design and further 
experimental work is needed to test the generality of these results. 
Species diversity 
We found that a diversity and richness were much lower in the restoration than 
remnant sites. Thus, our results were consistent with other studies examining restoration 
success that found lower a richness in restoration sites (Kindscher & Tieszen 1998; Sluis 
2002). These results imply that small-scale evenness may be easier to restore than richness. 
Remnant prairies had exceptionally high levels of small-scale species richness (19.0 species 
per 0.4 m2 in May-June) and Simpson's diversity (6.1per0.4 m2 in May-June) and this may 
be especially difficult to restore. 
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The additive partitioning model provides a useful way to partition diversity into 
spatial components because diversity at all levels is in the same units (MacArthur, Recher & 
Cody 1966; Lande 1996), which enables estimation of the proportions of a and P (Veech et 
al. 2002; Crist et al. 2003). However, the additive partitioning model could potentially be 
problematic in cases where sites of different sizes are randomly sampled and compared. In 
the original multiplicative partitioning model proposed by Whittaker (1960), P diversity was 
usually calculated as species turnover with distance along a gradient. The additive 
partitioning method allows P diversity to be calculated among random samples (V eech et al. 
2002). Using this method with sites of differing sizes could potentially cause biased 
estimates of p because of the increased likelihood of encountering different microtopography 
in large areas (Whittaker 1960; Nekola & White 1999; Balvanera et al. 2002; Condit et al. 
2002). However, we found no relationship with distance at the scale used in our study. This 
suggests that it might be possible to compare different-sized grasslands with the additive 
partitioning method. 
Allison (2002) described anecdotally that restored prairies have large single-species 
patches and remnants have highly intermingled species, but this has never been quantified 
until now. High p richness (Wagner, Wildi & Ewald 2000; Crist et al. 2003) and p diversity 
(McNaughton 1983; Harrison & Innoye 2002) have been found in many systems and tax.a. 
Although there was high dominance and few species per quadrat in the restoration sites, the 
proportions of p diversity and richness were greater than in remnants because the identity of 
the dominant species changed between quadrats in the restoration sites. Combining quadrats 
decreased the relative abundance of each dominant species and increased the number of 
species, thereby increasing evenness and richness and thus overall diversity. Remnant sites, 
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however, were especially species rich (Monsen 2001) and had very high evenness at the 
quadrat level, so combining quadrats did not increase diversity as much. One possible 
explanation for the greater proportion of~ diversity in the restoration sites is that dominant 
species might spread from a local point to form a larger, more clumped distribution during 
early years of establishment (Sluis 2002; Demer et al. 2004). A prediction stemming from 
this hypothesis is that species patches should be larger in restoration than in remnants sites 
(Demer et al. 2004). 
Although positive effects of native ungulates on diversity and spatial variability are 
well-documented in intact grasslands (Hartnett, Hickman & Walter 1996; Collins et al. 1998; 
Knapp et al. 1999), their effects on restorations have not been reported. Our findings suggest 
that positive effects of native ungulates may be negated in restoration sites if rare species are 
unable to colonize disturbance sites, because species pools may regulate richness in some 
situations (Gough, Grace & Taylor 1994; Pywell et al. 2002; Foster & Tilman 2003). 
Alternative hypotheses for low richness in restorations include: 1) frequent spring burning of 
restorations, which may promote increased production of dominant C4 grasses (Howe 2000), 
which may in tum suppress establishment of other species, and 2) at 8-10 years old, 
restoration sites may not be old enough to have developed the high diversity of remnant sites. 
Finally, we found that even a very large restoration project was unable to fully 
restore all aspects of species diversity. Surprisingly, neighbourhood-scale species diversity 
appeared to be the hardest to restore. To restore fully the spatial patterns in species richness 
and diversity, grassland restorations should be managed for high levels of species co-
existence at the neighbourhood scale, which characterizes remnant sites. Therefore, 
management regimes should focus on local-scale restoration methodologies such as mowing 
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(Holl & Crone 2004). Keeping plants small and dense during the earliest stages of 
development could help in restoring high small-scale species diversity. 
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Table 1. Mean relative biomass (percent of total) and relative frequency of the most common 
species in 8 - 10 year old plantings within a large-scale tallgrass prairie restoration (Neal 
Smith National Wildlife Refuge, NS) and three prairie remnant sites (A.C. Morris, M; 
Rolling Thunder, RT; Sheeder, Sh). Exotic species are in bold, and nomenclature follows 
Eilers & Roosa (1994). Mean standing dead mass and litter (g m"2) (SE) are included at the 
end of each site list. 
Relative biomass (SE} Mean 
relative 
Scientific name Se~t-Oct 2002 Ma;t-June 2003 Au~ust 2003 Mean freguenc;t 
NS 
Andropogon gerardii 54.4 (12.1) 32.8 (10.4) 41.8 (10.6) 43.0 0.96 
Sorghastrum nutans 18.1 (9.1) 5.3 (4.3) 8.7 (4.5) 10.7 0.38 
Phalaris arundinacea 0 (0) 12.5 (12.5) 11.2 (11.2) 7.9 0.08 
Helianthus grosseserratus 3.3 (3.3) 9.1 (6.2) 11.2 (10.2) 7.9 0.21 
Poa pratensis 13.4 (9.0) 8.6 (8.5) 0.5 (0.3) 7.5 0.29 
Standing dead mass 331.4 (32.1) 270 (55) 303.9 (49.5) 
Litter 164.4 (64.8) 193.6 (29.2) 303.3 (38.3) 
M 
Carex spp. 8.2 (1.5) 24.1 (3.3) 9.0 (1.6) 13.8 1.00 
Schizachyrium scoparium 20.0 (10.0) 6.7 (5.7) 11.4 (8.1) 12.7 0.54 
Helianthus grosseserratus 11.0 (5.5) 7.3 (2.9) 11.4 (4.9) 9.9 0.54 
Andropogon gerardii 10.8 (10.5) 5.4 (4.8) 10.3 (10.2) 8.8 0.29 
Aster ericoides 7.3 (4.8) 8.2 (3.1) 8.8 (2.9) 8.1 0.83 
Poa pratensis 3.7 (1.2) 7.9 (2.1) 6.5 (1.7) 6.1 0.92 
Monarda fistulosa 9.3 (5.0) 3.2 (1.3) 2.3(1.1) 4.9 0.71 
Ratibida pinnata 3.6 (1.6) 4.3 (1.4) 4.9 (2.4) 4.3 0.83 
So/idago canadensis 3.4 (3.4) 3.2 (1.9) 4.2 (2.7) 3.6 0.29 
Rosa sp. 2.8 (1.3) 3.8 (0.1) 4.2 (1.7) 3.6 0.96 
Standing dead mass 120.9 (32.1) 220.5 (55.0) 259.2 (49.5) 
Litter 120 (64.8) 91.9 (29.2) 82.9 (38.3) 
RT 
Sorghastrum nutans 23.3 (6.7) 7.1 (1.5) 18.2 (3.2) 16.2 1.00 
Schizachyrium scoparium 16.9 (3.8) 13.9 (3.3) 11.5 (4.0) 14.1 0.92 
Andropogon gerardii 9.5(6.1) 8.7 (3.6) 18.3 (7.8) 12.2 0.63 
Solidago canadensis 20.9 (9.4) 7.0 (1.9) 5.3 (2.5) 11.1 0.75 
Poa pratensis 7.2 (1.3) 14.6 (1.7) 8.3 (1.0) 10.0 1.00 
Carexspp. 3.5 (0.7) 13.7 (2.4) 4.3 (0.7) 7.1 1.00 
Rubus ablatus 3.0 (1.6) 9.1 (2.7) 5.0 (2.6) 5.7 0.63 
Standing dead mass 108.6 (32.1) 254.7 (55.0) 291 (49.5) 
Litter 213.2 (64.8) 102 (29.2) 71.8 (38.3) 
Sh 
Poa pratensis 17.5 (6.3) 22.2 (6.0) 9.7 (2.9) 16.5 1.00 
Solidago gigantea 6.7 (5.1) 14.6 (5.7) 9.0 (5.5) 10.1 0.42 
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Table 1 {continued). 
Relative biomass (SE) Mean 
relative 
Scientific name Seet-Oct 2002 Mal-June 2003 AUfJUSt 2003 Mean freguenc:t'. 
Helianthus rigidus. 9.5(5.1) 7.1 (3.9) 7.9 (2.4) 8.2 0.63 
Andropogon gerardii 4.4 (3.4) 4.2 (2.0) 9.0 (3.3) 5.9 0.58 
Meli/otus alba 10.5 (7.5) 6.9 (6.3) 0 (0) 5.8 0.17 
Monarda fistulosa 5.5 (2.9) 1.2 (0.8) 7.4 (5.0) 4.7 0.50 
Ceanothus americanus 0.6 (0.5) 1.2 (1.2) 9.2 (6.1) 3.7 0.21 
Sorghastrum nutans 3.4 (2.0) 0.8 (0.7) 5.3 (2.2) 3.1 0.46 
Carex spp. 3.4 (1.2) 3.9 (1.0) 1.8 (0.6) 3.1 0.92 
Sporobolus spp. 3.3(1.4) 2.6 (2.6) 2.8 (1.7) 2.9 0.33 
Solidago canadensis 3.3 (2.5) 1.8 (0.9) 3.0 (1.9) 2.7 0.33 
Schizachyrium scoparium 3.8(1.7) 1.5 (0.9) 2.5 (1.2) 2.6 0.63 
Ratibida pinnata 2.2 (1.2) 2.0 (2.0) 1.9(1.2) 2.0 0.50 
Amorpha canescens 1.5 (1.0) 3.5 (1.6) 0.8 (0.6) 2.0 0.38 
Dichanthelium leibergii 1.5 (0.8) 2.5 (1.4) 1.8(1.4) 1.9 0.50 
Standing dead mass 224.2 (32.1) 208.8 (55.0) 313.9 (49.5) 
Litter 255.7 (64.8) 190.2 (29.2) 193.7 (38.3) 
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Table 3. Above-ground productivity (g m-2 yr-1) (SE) for a large tallgrass prairie restoration 
(Neal Smith National Wildlife Refuge, NS) and three remnant prairies (A.C. Morris, M; 
Rolling Thunder, RT; Sheeder, Sh) sites using three methods of estimation. 
NS M RT Sh 
Peak above-ground biomass 2002 
(without consumption) 447 (75) 422 (75) 387 (75) 312 (75) 
Peak above-ground biomass 2003 
(without consumption) 482 (78) 383 (78) 313 (78) 409 (78) 
Peak above-ground biomass 2003 
(with consumption) 784 (34) 383 (34) 313 (34) 409 (34) 
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May/June 2003 
2 
Accumulated quadrat area (m2) 
0 
0 
0 
May/June 2003 
0 
2 
Accumulated quadrat area (m2) 
3 
3 
Fig. 1. Example of all possible combinations of quadrats for (a) species richness (S) and (b) 
diversity (1-D) with accumulated quadrat area for the restoration sites (Neal Smith National 
Wildlife Refuge, open circles) and three remnant prairie sites (Sheeder, open triangles; A.C. 
Morris, solid circles; Rolling Thunder, closed triangles). Residuals of these plots were 
unrelated to mean distance between plots suggesting that distance per se had no effect on 
diversity. 
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restoration site (Neal Smith National Wildlife Refuge) and three remnant prairie sites. 
Vertical bars are± 1 standard error. A.C. Morris, M; Rolling Thunder, RT; Sheeder, Sh. 
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Fig. 4. Alpha and p (a-c) richness and (d-f) diversity (1-D) using the additive partitioning 
method for a prairie restoration (Neal Smith National Wildlife Refuge, NS) and three 
remnant (A.C. Morris, M; Rolling Thunder, RT; Sheeder, Sh) sites. Gamma values are 
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CHAPTER 3. SEEDLING EMERGENCE IN GRASSLAND RESTORATIONS: 
EFFECTS OF SEED ADDITIONS AND NATIVE UNGULATES 
Abstract 
A paper to be submitted to an international journal 
Leanne M. Martin1'2 and Brian J. Wilsey1•3 
Grassland restorations often lack rare forb and grass species that are found in intact 
grasslands. This could be due to a variety of reasons, including seed limitation, microsite 
limitation, or a combination of both. One possible way to create microsites in tallgrass 
prairie restoration is through realistic disturbances such as native ungulate grazing, because 
high dominance by C4 grasses or other species may be restricting seedling emergence. These 
hypotheses have never been tested before in tallgrass prairie restoration. We experimentally 
tested these hypotheses in the largest tallgrass prairie restoration in the U.S.A. by adding rare 
native forb and grass seeds in two trials inside and outside native ungulate exclosures. We 
measured seedling emergence because the emergence stage is a crucial step to recruiting 
species into a community. We also measured light, water, and standing crop biomass to test 
whether they could help to explain seedling emergence rates. Ungulates increased light 
availability for each sampling time and also increased ANPP in June-August 2004. Seedling 
emergence of rare forbs and grasses was consistently greater when we added seeds and was 
conditionally greater with a combination of adding seeds and grazing. However, grazing 
alone was unable to increase seedling emergence. These results suggest that grassland 
restorations are primarily seed limited and that grazing alone may not be able to increase 
1 Graduate student and Assistant Professor (Major Professor), respectively 
2 Primary author 
3 Secondary author 
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seedling emergence of rare species without the addition of seeds. Determining whether these 
seedlings will recruit into the plant community and alter grassland species diversity will 
require longer-term monitoring. 
Introduction 
Ecosystem restoration is becoming increasingly common due to increased habitat 
destruction and fragmentation. Typically, restoration is attempted by adding seeds collected 
from nearby remnant populations to a previously degraded or destroyed ecosystem (Piper and 
Pimm 2002, Sluis 2002, Camill et al. 2004). Seedlings are expected to emerge, become 
established and form reproducing populations, and populations of many species are expected 
to mature into a community similar to the original system. Seedling emergence is an 
important step in this restoration process because it funnels individuals into the system, and it 
is a stage that has enormous amounts and differences in mortality among species. Contrary 
to restoration planting expectations, restored ecosystems generally have lower plant species 
richness and diversity than their unaltered counterparts (Galatowitsch and van der Valk 1996, 
K.indscher and Tieszen 1998, Polley et al. 2005, Martin et al. 2005), and species richness has 
been observed to decline over time (Sluis 2002). 
Low species diversity in ecosystems may be attributed to a variety of reasons, but 
here we hypothesized that it may be attributed to either 1) seed limitation, or 2) microsite 
limitation for successful seedling establishment (Erikkson and Ehrlen 1992, Turnbull et al. 
2000, Zobel et al. 2000). Grassland restorations in particular may be either seed limited or 
may have low seedling recruitment due to dominance by one or a few grass species. The first 
hypothesis suggests that plant community richness and diversity are limited solely by the 
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species pool (Gough et al. 1994). Several studies have supported this hypothesis because 
seed additions increased the species richness or diversity of some native plant communities 
and agriculturally improved grasslands (Tilman 1997, Zobel et al. 2000, Pywell et al. 2002, 
Smith et al. 2002, Foster and Dickson 2004, but see Wilsey and Polley 2003). If restorations 
are seed limited, then adding more seeds should increase the diversity and recruitment of rare 
species even in systems dominated by one or a few species. 
A second hypothesis for lower diversity in restorations may be that one or a few 
species typically dominate and suppress seedlings that would otherwise become established 
(Sluis 2002, Mulhouse and Galatowitch 2003, Camill et al. 2004). In this scenario, seeds or 
propagules are not limiting, but seedlings fail to develop into successful populations due to a 
lack ofmicrosite availability. For example, Brown and Bugg (2001) found emergence was 
significantly reduced by dominant perennial vegetation. Dominance of C4 grasses in 
grassland restorations, which can occur as soon as three years after seed additions in tallgrass 
prairie restorations, can be increased by nutrient availability (Baer et al. 2002, Baer et al. 
2004, Camill et al. 2004). Dominance can also reduce light and water availability, which are 
crucial to seedling survival (Fowler 1986, Foster and Gross 1998, Lauenroth et al. 1994, 
Haugland and Proud-Williams 1999, Wilsey and Polley 2003). High productivity of 
dominants also increases litter production, which can have inhibitory effects on seedling 
emergence by reducing light levels (Knapp and Seastedt 1986, Fowler 1988, Wilby and 
Brown 2001, Foster and Gross 1997, Foster and Gross 1998, Xiong and Nilsson 1999). 
Dominant grass patches can also be larger in restorations than in intact grassland (Demer et 
al. 2004, Martin et al. 2005). Common management practices such as frequent spring 
burning (Howe 2000) and exclusion of grazing (Collins et al. 1998) could potentially 
40 
exacerbate this problem by increasing dominance of C4 grasses. If diversity in restorations is 
lower due to suppression of seedlings by dominant species, then reducing dominant 
vegetation should alleviate competitive stress on rare species and increase seedling 
establishment and diversity (Foster and Gross 1997). 
Management strategies (such as mowing) aimed at decreasing biomass of dominant 
species, which allows increased light penetration, has increased seedling survival in some 
experimental plantings and agricultural grassland improvement studies (Burke and Grime 
1996, Hutchings and Booth 1996, Hofinann and Isselstein 2004, Lawson et al. 2004). 
Moderate grazing by native ungulates can have positive impacts on plant species diversity in 
intact grasslands by reducing dominant grasses (McNaughton 1979a, Hartnett et al. 1996, 
Collins et al. 1998, Knapp et al. 1999) and increasing light availability and variability 
(Bakker et al. 2003). According to the intermediate disturbance hypothesis, intermediate 
levels of disturbance produce the highest levels of species diversity in an ecosystem (Grime 
1973, Connell 1978). Moderate grazing, a common grassland disturbance, might therefore be 
expected to produce quadratic effects on diversity, with higher levels of diversity at 
intermediate grazing intensities (Hart 2001). Moderate grazing increased species richness 
and evenness when there was already a species pool available (as vegetative propagules or 
seeds) for recruitment into the community (McNaughton 1979a, Hartnett et al. 1996, Collins 
et al. 1998, Hart 2001). Moderate grazing also increases patchiness, or p diversity, in intact 
grasslands by activities such as grazing, trampling, wallowing and urinating, which could 
produce new microsites for species to colonize (Day and Detling 1990, Jaramillo and Detling 
1992a, 1992b, Knapp et al. 1999). Seedling establishment in intact grasslands is generally 
higher under continuous grazing regimes as compared to plots exclosed from grazing 
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(Oesterheld and Sala 1990, but see Wilsey and Polley 2003). If moderate grazing can 
increase seedling establishment and species richness in intact grasslands, then it may also 
increase species richness and seedling emergence in restored grasslands (Smith et al. 2000). 
Intermediate amounts of grazing should decrease aboveground biomass and competitive 
exclusion of seedlings by dominant grasses by creating canopy gaps and microsites in which 
seedling emergence can occur (Knapp et al. 1999). The question of whether native ungulate 
grazing can increase seedling emergence and diversity is becoming more important as 
grazers such as bison and elk are increasingly being reintroduced (Knapp et al. 1999, Larkin 
et al. 2004). 
Although grazers may increase microsite availability by reducing standing crop 
biomass, the grazing optimization hypothesis predicts that intermediate levels of grazing can 
produce the highest levels ofNPP, which is a general indicator of nutrient uptake 
(McNaughton 1979b, Dyer et al. 1993). Productivity is already very high in grassland 
restorations (Camill et al. 2004), and is much higher than in comparable remnants (Martin et 
al. 2005). If intermediate grazing increases production of dominant vegetation above and 
beyond what is already high, then intermediate grazing of restorations, unlike intact 
grasslands, may actually lessen seedling emergence and diversity. Defoliated plants continue 
to take up resources throughout the growing season, perhaps even more than in ungrazed 
areas, which means that resources for seedlings could be limiting (e.g., McNaughton 1983, 
Knapp et al. 1999, Wilsey et al. 2002). Therefore, increased productivity in restorations due 
to moderate grazing might nullify the potential positive effects of grazing such as increased 
microsite availability for seedling emergence. 
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Seed limitation and low seedling emergence due to grass dominance may also interact 
to limit diversity in grassland restorations. A combination of adding seeds and increasing 
microsites for establishment is sometimes necessary to favor seedling emergence (Burke and 
Grime 1996, Turnbull et al. 2000, Foster and Dickson 2004). Recent research suggests that 
the amount of existing productivity may help determine whether low diversity communities 
are seed or microsite limited, with higher productivity systems often microsite limited and 
lower productivity systems seed limited (Foster 2001, Foster et al. 2004, Henry et al. 2004). 
Smith et al. (2000) provided evidence that an agriculturally improved grassland was limited 
by both seeds and microsites via introducing grazing, cutting, and seed additions, but grazing 
was only implemented at specific times of the year and was not compared to ungrazed plots. 
The objectives of our experiment were to 1) determine if native ungulates increase the 
availability of resources crucial to seedling emergence and 2) determine whether seed 
additions, native ungulate grazing, or a combination of both enhance seedling emergence in 
tallgrass prairie restorations. The focus of this study was on seedling emergence, because 
seedlings must first emerge before they can become established in the plant community and 
influence diversity (Wilsey and Polley 2003). Whether seedlings can be successfully 
recruited and establish viable populations is a separate question that will not be considered 
here. Tallgrass prairie is an appealing ecosystem to determine causes of diversity limitation 
in restorations because it is one of the most endangered systems, with approximately 96% of 
the original system converted (Sampson and Knopf 1994), and restoration projects are very 
numerous. 
Materials and Methods 
Restoration Study Site 
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The objective of the Neal Smith National Wildlife Refuge (NS) prairie project is to 
restore a large tallgrass prairie ecosystem using locally collected seeds combined with 
prescribed fire and grazing by native ungulates. The restoration is located on the Walnut 
Creek watershed in Jasper County, Iowa, USA (41°33'N, 93°17'W). It was established in 
1991 by the U.S. Fish and Wildlife Service. Precipitation has a unimodal distribution with 
peak precipitation in May and/or June, and average annual net is approximately 880 mm/yr. 
Weather in 2003 was much warmer and drier than in 2004. Between May and August, the 
peak growing months, temperatures and monthly precipitation averaged 21. 7°C and 13 .3 mm 
in 2003 and 19.7°C and 143.8 mm in 2004. The refuge currently spans 2,104 hectares, 
approximately 1,200 hectares of which has been seeded with tallgrass prairie species, 
beginning in 1992 and continuing to the present day. Bison and elk were introduced to a 
303-hectare enclosure in 1996 and 1998, respectively, which is where our study took place. 
Approximately 35 bison and 15 elk inhabited the area during the years of our study. Land 
use prior to prairie seeding included com (Zea mays L.) and soybean (Glycine max (L.) Merr) 
rotations and a few scattered pastures. Crops were probably fertilized on an annual or 
biannual basis. There are 20 different plantings in this area (mean of approximately 14 ha 
each), and each planting was seeded with separate bulk seed mixes collected from local 
prairie remnants. Thus, each planting received a different seed mix (i.e., collected at 
different times or from different remnants), but species composition of mixes was fairly 
similar based on greenhouse tests of seedling emergence (Pauline Drobney, personal 
communication). The C3 grass Elymus canadensis L. (Canada wildrye) was added to the mix 
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(6.7 kg/ha) as a cover crop for plantings in the northern half of the site. Management 
practices after planting included yearly spring burning, which is a common practice for 
beginning restorations (Packard and Mutel 1997, Copeland et al. 2002), and mowing when 
necessary to control weedy and invasive species (Pauline Drobney, personal 
communication). Our plots were not burned or mowed in 2003 or 2004, the years of our 
sampling. 
To standardize our sampling, we selected eight plantings within the enclosure that 
were seeded between 1994 and 1996 on formerly cropped areas. Four plantings north of a 
dirt road included E. canadensis in the seed mixture and four south of the road did not. 
Cover crop effects were analyzed previously and will not be reported here (Martin et al. 
2005). 
Experimental design 
A randomized split-plot design was used, with grazing or exclosures applied to the 
main plots, and with seed addition treatments (explained below) applied to subplots. One 6 x 
8 m permanent exclosure and two 6 x 8 m grazed plots were established approximately 5 m 
away on either side of the exclosure in June 2003 in each of the eight plantings (blocks). 
Two grazed plots were sampled per planting because of the more variable effects of grazing. 
By request of refuge staff, exclosures were kept out of view of visitors when possible, and 
this precluded completely random locations. 
Biomass and ANPP were estimated to measure effects of established vegetation 
between grazed and exclosed plots. These variables are general indicators of resource uptake 
(including nutrients), dominance, and competitive intensity (Baer et al. 2003, Baer et al. 
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2004). Aboveground biomass was clipped to 2 cm in a 40 x 100 cm quad.rat in the 
exclosures (ng) and grazed plots (gr), and surface litter was collected in June (time 0 data) 
and August 2003 and in March, June and August 2004. Biomass was sorted into live (green 
present) and dead components, and live material was sorted by species, dried for 48 hrs at 
65°C, and weighed. Estimates included total biomass, proportion of exotic species and 
biomass (exotic/total), proportion of total grass biomass (grass/total) and C4 grass biomass 
(CJtotal), and combined litter and standing dead. These variables were calculated because 
they all could potentially suppress seedling emergence and species richness in grassland 
restorations (e.g., Knapp and Seastedt 1986, Howe 2000, Camill et al. 2004). Plant species 
were designated as native or exotic based on Eilers & Roosa (1994). 
We estimated grazing intensity and used polynomial regressions to determine if 
grazing intensity was quadratically related to estimates of production and diversity 
(McNaughton 1979b, 1983, Hart 2001). Simply comparing grazed and exclosed plots may 
show if grazing is affecting community or ecosystem processes, but it does not explain 
variation among grazing intensities. To determine if grazing intensity was quadratically 
related to NPP or any other response variables, as is predicted by the grazing optimization 
and intermediate disturbance hypotheses (Grime 1973, Connell 1978, McNaughton 1979b), 
aboveground NPP and grazing intensity were estimated for grazed plots using the moveable 
exclosure approach (McNaughton 1985, McNaughton et al. 1996) during three periods: June-
August 2003, and March-June and June-August 2004. One 3 X 4 m temporary exclosure 
was established at each site in March 2004 and was moved in June 2004 to measure 
consumption and grazing intensity (McNaughton 1985). Biomass from the permanent 
exclosure was used to estimate consumption in 2003. Consumption (C) was estimated as (ng 
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- g)/time, where ng was biomass inside the temporary exclosure at the end of the period, g 
was biomass outside the temporary exclosure at the end of the period, and time was the 
number of days that exclosures were in place (McNaughton 1985, Wilsey et al. 2002). 
Aboveground NPP (g m·2 day*1) was calculated as the positive biomass increment+ 
consumption for each time period. Grazing intensity was calculated as GI = C/NPP 
(McNaughton 1985, Wilsey et al. 2002), where grazing intensity was set equal to 0 if 
consumption estimates were negative. 
Environmental variables were measured to determine if grazing was creating 
microsites that were more favorable for seedling emergence. Soil moisture and percent light 
availability at the soil surface were measured monthly from July through September 2003 
and from May 2004 through October 2004 (except soil moisture was not measured in July-
August 2003 due to equipment failure) in each plot using a Moisture Point® Time Domain 
Reflectometry system (30 cm rods) and a Decagon® light bar. Sampling points were 
randomly located, and two subsamples of light were taken at the same point during each 
sampling time. 
Species diversity was calculated for each grazed and exclosed plot to determine if 
exclusion from grazing affected diversity. Diversity was calculated at the quadrat level for 
each grazed and exclosed plot. Diversity was calculated with Simpson's diversity (1/D), 
where D = Ip/, and Pi = relative biomass of each species i, and was then decomposed into 
species richness (S) and evenness (1/D/S) to determine if each component of diversity 
differed (Buzas & Hayek 1996; Smith & Wilson 1996, Martin et al. 2005). 
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Seed addition experiments 
Two separate seed additions of rare, native prairie forbs and grasses were made to 
randomly located 1 m2 subplots within each of the grazed and exclosed plots. These were 
compared to one control subplot (no seed addition) within each main plot. Seeds often 
species from local remnants were added in the first addition in June 2003, and seeds of25 
species from a local seed company were added in April 2004 in a second set of subplots to 
repeat the experiment. Two seed addition trials were used to see if results would be 
consistent between years and additions. More species were used in the second trial than the 
first because seeds were more readily available from the seed company, and we wanted to 
mimic more realistically the number of species found at the neighborhood scale in remnants 
(Martin et al. 2005). Species added in the first seed addition experiment included Bouteloua 
curtipendula (Michx.) Torrey, Sporoblus asper (Michx.) Kunth, Solidago speciosa Nutt., 
Pycnanthemum virginianum (L.) Dur. & Jackson, Dalea purpurea Vent., Chamaecrista 
fasciculata (Michx.) Greene, Amorpha canescens Pursh, Lespedeza capitata Michx., 
Monarda fistulosa L., and Eryngium yuccifolium Michx. Species added in the second seed 
addition experiment included all those added in the first experiment, plus Potentilla arguta 
Pursh, Silphium laciniatum L., Echinacea pa/Iida Nutt., Ratibida pinnata (Vent.) Barnh., 
Artemesia ludoviciana Nutt., Liatris pycnostachya Michx., Verbena stricta Vent., Helianthus 
rigidus (Cass.) Desf., Gentiana andrewsii Griseb., Tradescantia bracteata Small, Viola 
pedatifida G. Don, Anemone cylindrica Gray, Phlox pilosa L., Schizachyrium scoparium 
(Michx.) Nash, and Solidago rigida L. Seeds were added with an equal number of seeds per 
species at a rate of 19, 700 seeds m-2 for both trials, which is based on a typical seed rain rate 
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for tallgrass prairie (Rabinowitz and Rapp 1980). Thus, we were testing whether realistically 
high seed numbers would increase seedling emergence. 
All forb seedlings, including species added from the mix as well as volunteers, were 
counted in a randomly placed 20 x 50 cm quadrat within each subplot to estimate seedling 
emergence. Volunteers were included because some added species were already in the 
established seed bank and therefore could not be distinguished from added seedlings, and we 
also counted exotic seedlings. Grass seedlings were only counted ifthe species were in the 
seed mix. Seedlings were counted only if they were approximately 7.5 cm tall or shorter, or 
if they were annuals. Seedlings were counted approximately once per month during the 
growing season, beginning the month after seeds were added. 
Four variables were used to determine if seed additions and grazing influenced 
seedling emergence. First, to test the hypothesis that seeds and grazing affected seedling 
emergence we derived a variable, the seedling enhancement effect. The seedling 
enhancement effect represented the number of seedlings that did not emerge from the 
existing seed bank, but emerged from added seeds. Seedling enhancement was calculated as 
a ratio of ln[(added seedlings+ 1)/(control seedlings+ l)]. This new variable eliminated the 
problem of non-normally distributed data due to having many zeroes in control subplots. 
The second variable, number of exotic seedlings, was estimated because of concerns about 
disturbance, (i.e., native ungulate grazing) increasing exotic species in grasslands (Burke and 
Grime 1996, Smith and Knapp 1999). Seedling species richness (S) and Simpson's diversity 
(1/D) were also calculated in each subplot to determine if seed additions or grazing improved 
seedling diversity. 
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Statistical Analyses 
To test between grazed and exclosed plots and seed addition subplots, randomized 
block split-plot ANOV AS were used, with planting as the blocking term. Grazing effects 
were tested with the main plot error term (planting x grazed), and seed and the seed x grazed 
interaction were tested with the subplot error term. Repeated measures ANCOV A was used 
to compare grazed (n = 16) and exclosed plots (n = 8) for all existing vegetation and resource 
response variables (light, water, biomass, NPP, proportion of C4 and total grass, combined 
standing dead and litter, proportion of exotic Sand biomass, and a S, 1/D and evenness). 
Time 0 data (measurements taken before exclosures were constructed) were used as 
covariates (except for NPP, for which time 0 data could not be calculated) to account for pre-
treatment variation. We dropped the covariate from the model if it was not significant (P > 
0.15). Variables were In transformed (biomass, standing dead and litter), square root 
transformed (proportion of exotic biomass), or arcsin square-root transformed (proportion of 
C4 and grass) to improve normality if necessary. 
The first and second seed additions were analyzed separately because they included 
different numbers of species, different addition dates, and different weather between trials. 
To test if seed additions increased seedling numbers above those of controls, seedling 
enhancement effects were tested for differences from 0 with a t-test. Estimates above zero 
indicated that seedling numbers in addition subplots were above those of controls; estimates 
below zero indicated that seedling numbers in addition subplots were below those of 
controls. Effects of grazing alone could not be tested due to having too many zeroes in 
control subplots. Grazing effects on seedling enhancement over time were analyzed with 
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repeated measures ANOVA of means from 2003 and 2004 for the first seed addition and of 
monthly values for the second seed addition. 
Number of exotics, species richness, and seedling diversity were analyzed with a 
repeated measures (means for 2003 and 2004) ANOV A for the first seed addition, and with 
ANOV A for the second seed addition. Means for each variable were used because raw data 
had too many zeroes to analyze each sampling time. Exotic seedling numbers were summed 
for each sampling time and ln(y+ 1) transformed to improve normality. 
Light availability was also measured in every seed addition and control plot on 22 and 
23 June 2004 to more completely estimate light availability at the subplot level and test if 
there were relationships with seed addition response variables. These data complement the 
less detailed, but longer term light measurements made at the main plot level. Light was In 
transformed to improve normality, and we used polynomial regression analysis to determine 
if light was linearly or quadratically related to seedling number, richness, and diversity 
enhancement, and the mean number of exotics across subplots. Light did not interact with 
grazing for any of the variables when we performed preliminary regression analyses (light x 
grazed interaction, P > 0.15 for all variables), so one curve was fit to all plots in regression 
analyses. 
We used polynomial regression to test for linear and quadratic relationships between 
grazing intensity (grazed plots only) and response variables because grazing effects are often 
non-linear (Grime 1973, Connell 1978, McNaughton 1979b). Wide ranges of grazing 
intensities within each time period resulted in non-normality in the data. Therefore, a mean 
grazing intensity was calculated by averaging grazing intensities across time, which was 
normally distributed. Time 0 data was subtracted from each variable for each sampling time, 
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when possible, to eliminate pre-treatment variation within the plot. These new variables 
represented the change in response associated with exclusion from grazing. For the seed 
addition variables, main plot values (means across subplots) were used for exotics in this 
analysis because added seedlings and exotics were independent in these subplots (pair-wise 
correlation: first seed addition experiment: r2 = 0.00, P = 0.99; second seed addition 
experiment: r2 = 0.03, P = 0.87). Therefore, seed additions had no effect on exotic seedlings 
and subplots could be combined. Seedling number, richness, and diversity enhancement 
variables were used as well. Mean grazing intensities were then regressed against mean 
changes in response variables. 
Results 
Grazing effects on vegetation 
Only two response variables differed significantly between grazed and exclosed plots 
and one was marginally different (Tables 1 and 2). Aboveground NPP was 1.2, 1.1and8.0 
times as large in grazed plots, but the difference was only significant during June-August 
2004 (Table 1 and Fig. la). Light availability at the soil surface was on average 1.7 times as 
large in grazed plots, and this was consistent across periods (Table 1 and Fig. 1 b ). Combined 
standing dead and litter (ln g m-2) was lower in grazed plots, but this difference was only 
marginally significant (Tables 1 and 2). 
Although most response variables varied across plantings (Table 1 ), none was 
quadratically related to mean grazing intensity (F1,15 between 0.03 - 3.07, P between 0.10 -
0.88). Mean grazing intensity was highest in June-August 2004 (mean: 0.68; range: 0 - 1; 
SE: 0.06), followed by June-August 2003 (mean: 0.49; range: 0 - 1; SE: 0.08), and it was 
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much lower in the spring of2004 (mean: 0.14; range 0-0.37; SE: 0.03). Biomass was 
negatively related to mean grazing intensity (F1,15 = 6.02, P = 0.03, r2 = 0.32, slope= -3.49; 
Fig 2a), and evenness was positively related to mean grazing intensity (F1,1s = 5.61, P = 0.03, 
r2 = 0.33, slope = 0.89; Fig 2b ). 
Seed addition experiment 1 
Seed additions increased the number of native species seedlings, but had no effect on 
the number of exotic seedlings. Across treatments, the exotics Taraxacum officinale, Daucus 
carota and Aster pilosus were among the most abundant species in both years (Table 3). The 
exotic Ambrosia artemisiifolia was also abundant in 2003, and Monarda fistulosa was the 
most abundant added species in both years (Table 3). The seedling enhancement effect 
increased the mean number of seedlings in addition subplots 2.5 times in 2003 (t = 1.97, P = 
0.07) and increased seedling numbers in 2004 by 2.0 times (t = 3.22, P < 0.01; Fig 3a). The 
mean number of exotic seedlings was not different between seed addition subplots and 
controls (in mean exotics O.lm-2: Fi.Jo= 1.59, P = 0.22; 2003, addition: 1.75, control: 1.47; 
2004, addition: 2.01, control: 1.93). 
Seed additions increased seedling richness and to some extent affected seedling 
diversity. Mean seedling richness was 1.3 times as large in seed addition subplots in 2003 
and 1.2 times as large in 2004 than control subplots (richness O.lm-2: Fi,30 = 4.23, P = 0.05; 
2003, addition: 3.81, control: 2.88; 2004, addition: 2.96, control: 2.53). Mean seedling 
diversity was 1.2 times as large in seed addition treatments in both 2003 and 2004, but this 
difference was only marginally significant (diversity O.lm-2: F1,30 = 3.51, P = 0.07; 2003 
addition: 2. 76, control: 2.24; 2004 addition: 2.10, control: 1.82). 
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Grazing alone, without seed additions, did not increase the number of seedlings that 
emerged above any other treatment (Fig. 3a). Furthermore, the seedling enhancement effect 
did not differ between grazed and exclosed plots (F 1,15 = 0.02, P = 0.90; Fig 4a), nor was 
there a linear or quadratic relationship with grazing intensity (linear effects: F1,l3 = 0.01, P = 
0.93; quadratic effects: F1,13 = 1.68, P = 0.22), which is consistent with the fact that the 
enhancement effect did not change across plantings (F1,1s= 1.72, P = 0.18). 
The number of exotic seedlings was higher in grazed plots in 2004 (In mean exotics 
O.lm-2: grazed: 2.03; exclosed: 1.91), but lower in grazed plots in 2003 (In mean exotics 
O.lm-2:grazed: 1.51; exclosed: 1.72) (time x grazed interaction, F1,7 = 7.88, P = 0.03). 
Grazing did not interact with seed additions (grazed x treatment interaction, F 1,30 = 0.14, P = 
0.71). The mean number of exotics, although differing among plantings (F1,7 = 17.22, P < 
0.01), was not linearly or quadratically related to mean grazing intensity (linear effects: 
exotics: F 1,13 = 0.07, P = 0. 79; quadratic effects: exotics F 1,13 = 2.08, P = 0.17). 
Seedling species richness and diversity did not differ between grazed and exclosed 
plots for the first addition experiment (richness O.lm-2 : F1,7 = 0.46, P = 0.52; 2003 grazed: 
3.28, exclosed: 3.41; 2004 grazed: 2.68, exclosed: 2.81; diversity O.lm-2: F1,7 = 0.39, P = 
0.55; 2003 grazed: 2.47, exclosed: 2.53; 2004 grazed: 1.88, exclosed: 2.04). Grazing did not 
affect the treatments differently for either richness or diversity (grazed x treatment 
interaction; richness: F1,3o = 0.15, P = 0.70; diversity: F1,30= 0.58, P = 0.45). Diversity 
varied among sites (F7,7 = 3.73, P = 0.05), and this variation was related to grazing intensity. 
Diversity enhancement declined with grazing intensity (linear effect: F1,l3 = 5.05, P = 0.04; 
quadratic effect: F1,l3 = 2.29, P = 0.15; Fig. Sa). 
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June light availability at the subplot level was not linearly or quadratically related to 
any seed addition variable for the first seed addition experiment (F1,21 < 2.00, P > 0.15 for all 
relationships). 
Seed addition experiment 2 
As in the first seed addition experiment, in the second experiment we found higher 
numbers of seedlings in addition subplots and that additions had no effect on exotic 
seedlings. Across treatments, the most abundant species included the exotics Taraxacum 
officinale and Daucus carota, and Lespedeza capitata was the most abundant added species 
in the seed addition treatments (Table 4). The seedling enhancement effect increased the 
number of seedlings in 2004 by 3.8 times in May, 5.2 times in June, 5.5 times in July, 6.6 
times in August, and 17.9 times in October (t = 6.94, 6.48, 3.60, 4.43 and 2.14, respectively, 
P values< 0.01 in May-July, P = 0.05 in October; Fig 3b). However, although the seed 
additions had a much higher percent increase in October, the actual number of seedlings 
decreased significantly between June and October (time: F4,60 = 6.45, P < 0.01; Fig. 3b). The 
number of exotic seedlings did not differ between seed treatments (F1,30 = 1.64, P = 0.21; In 
mean exotics O. lm-2: addition: 2.18, control: 1.93). 
Adding seeds positively influenced seedling richness and diversity in the second seed 
addition experiment. Mean seedling richness and diversity were 2.3 and 1.9 times as large in 
the seed addition subplots than in controls (richness O.lm-2: F1,30 = 54.03, P < 0.01, addition: 
5.82, control: 2.52; diversity O.lm-2: F1,3o= 67.52, P < 0.01, addition: 3.37, control: 1.82). 
Grazing alone, without seed additions, never increased the number of seedlings that 
emerged (Fig. 3b ). However, unlike the first addition experiment, seedling enhancement 
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effects were on average 1.4 times as large in grazed than exclosed plots in the second 
experiment (F1,15 = 6.55, P = 0.02). Although the seedling enhancement effect differed 
between plantings (F7,1s = 6.96, P < 0.01) and we expected a concomitant relationship with 
grazing intensity, the seedling enhancement effect was not linearly or quadratically related to 
mean grazing intensity (linear effects: F 1,13 = 0.63, P = 0.44; quadratic effects: F 1,13 = 2.14, P 
= 0.17). 
The mean number of exotic seedlings did not strongly differ between grazed and 
exclosed plots (In mean exotics O.lm-2 : Fl,7 = 4.01, P = 0.09; grazed: 2.19, ungrazed: 1.92), 
and grazing effects did not interact with subplot treatments (grazed x treatment interaction, 
F1,3o = 0.78, P = 0.39). Again, although the number of exotic seedlings differed among 
plantings (F7,7 = 17.61, P < 0.01), the mean number of exotics was not linearly or 
quadratically related to mean grazing intensity (linear effects: F1,13 = 0.59, P = 0.45; 
quadratic effects: F 1,13 = 0.23, P = 0.64). 
Grazing did not affect seedling richness or diversity (richness O. lm-2: F 1,7 = 0.98, P = 
0.35, grazed: 4.39, exclosed: 3.95; diversity O. lm-2: F1,7 = 0.02, P = 0.90, grazed: 2.58, 
exclosed: 2.61), nor did grazing interact with subplot treatments for richness or diversity 
(grazed x treatment interaction, richness: F1,3o = 1.76, P = 0.20; diversity: F1,30 = 0.38, P = 
0.54). Although mean diversity was only marginally different between plantings (F7,7 = 2.95, 
P = 0.09), the diversity enhancement effect was inversely quadratically related to mean 
grazing intensity (F1,13 = 6.02, P = 0.03; quadratic equation, y = 2.4 + -1 l.3x + 15.5x2; Fig 
5b ). However, this relationship was driven largely by one point at a low grazing intensity, 
and the relationship was marginally linear and no longer quadratic when the point was 
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removed (linear effect: F 1,13 = 3.22, P = 0.10, r2 = 0.20, slope= 1.83; quadratic effect: F 1,13 = 
0.53, P = 0.48; Fig. 5b) 
The second seed addition showed positive linear effects of light availability at the 
subplot level on seedling enhancement. Light was linearly related to the seedling 
enhancement effect (F1,21 = 8.07, P < 0.01, r2 = 0.28, slope= 0.92; Fig. 6a) and weakly 
related to mean number of exotic seedlings (F1,21 = 3.41, P = 0.08, r2 = 0.14, slope= 0.54). 
Light was linearly related to the diversity enhancement effect (F1,21 = 7.59, P = 0.01, r2 = 
0.27, slope= 0.22; Fig. 6b) and the seedling richness enhancement effect (F1,21=10.45, P < 
0.01, r2 = 0.33, slope= 0.37; Fig 6b). No quadratic relationships with light were significant 
(F < 0.50, P > 0.50). 
Discussion 
Seed additions, disturbance, or a combination of both have been shown to increase 
seedling recruitment, species richness and diversity in intact and agriculturally improved 
grasslands (Eriksson and Ehrlen 1992, Burke and Grime 1996, Tilman 1997, Smith et al. 
2000, Turnbull et al. 2000, Zobel et al. 2000, Pywell et al. 2002, Smith et al. 2002, Foster and 
Tilman 2003, Foster and Dickson 2004). However, these hypotheses had never been 
experimentally tested before in a highly productive tallgrass prairie restoration that includes a 
more realistic disturbance such as native ungulate grazing and trampling. Our results suggest 
that native ungulate grazers in this tallgrass prairie restoration are increasing light availability 
to seedlings by decreasing standing crop biomass. However, grazers also increase ANPP, 
which may reduce their positive effects on seedlings due to vegetation readily taking up 
nutrients. Most importantly, we found that adding seeds increased seedling emergence, as 
57 
did a combination of grazing and adding seeds. The combination of treatments was 
conditional, and the effect was found only in the second trial. Without addition of seeds, 
grazing did not increase seedling emergence. Although seedling species richness and 
diversity were higher when we added seeds, we do not know if seedlings will be recruited 
into established populations to increase community species richness and diversity. 
Additional monitoring is necessary to test this latter hypothesis. 
Biomass and NPP, which are general indicators of resource uptake in grasslands, are 
affected by grazing (Semmartin and Oesterheld 1996, Semmartin and Oesterheld 2001). 
Grazers usually reduce levels of aboveground biomass through defoliation, but the relative 
growth rate of grazed plants may compensate, or even overcompensate, for the loss of 
biomass throughout the growing season, thus increasing ANPP above levels of ungrazed 
areas (Semmartin and Oesterheld 1996, McNaughton 1983, Knapp et al. 1999). Grazing can 
also increase light availability (Knapp et al. 1999, Bakker et al. 2003, Wilsey and Polley 
2003) and variability and water availability (Fahnestock and Knapp 1993) to seedlings and 
rare forbs by decreasing resource uptake of dominant vegetation. Light availability has been 
found to be more variable in reponse to high and low levels of biomass in patchily grazed 
areas (Fahnestock and Knapp 1993). We found that although several variables we thought 
would be influenced by grazing were not (i.e., proportion of C4 grass and combined litter and 
standing dead), total biomass declined with increased grazing intensity, and light availability 
was higher in grazed plots, which suggests that grazing did decrease biomass enough to 
increase resource availability. However, ANPP was also higher with grazing, suggesting that 
the defoliated plants were readily recovering from defoliation effects (McNaughton 1983, 
Knapp et al. 1999, Wilsey et al. 2002). Higher NPP also means that the established 
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vegetation is readily utilizing available resources, which may reduce the nutrients available 
to seedlings. 
Our first hypothesis, that seedling emergence was limited by seed availability in 
tallgrass prairie restoration, was supported, which suggests that restorations are similar to 
many old fields in their lack of propagule availability (Tilman 1997, Zobel et al. 2000, 
Pywell et al. 2002, Smith et al. 2002, Foster and Tilman 2003). Established grassland 
restorations are generally dominanted by C4 grasses, and rare forbs are generally low in 
abundance (e.g., Sluis 2002, Camill et al. 2004). Many tallgrass prairie restorations are 
initiated by harvesting seeds from remnants in the fall (e.g., Polley et al. 2005) when C4 
prairie grass seed is most abundant relative to other times of the growing season. Evidence 
from this study suggests that seedling emergence of rare forbs is very low nearly ten years 
after initial seeding. Our results suggest that adding seeds of rare forb and grass species that 
are typically lacking in restorations will increase seedling emergence, which is the first step 
in recruiting species into the community. 
Our second hypothesis, that grazing animals would increase seedling emergence 
without the addition of seeds, was not supported, suggesting that grazing alone will not 
enhance seedling emergence in tallgrass prairie restorations. These results differed from 
grazing studies in intact systems (McNaughton 1979a, Hartnett et al. 1996, Collins et al. 
1998), possibly because seeds and propagules of rare species are more readily available in 
intact systems to increase species richness and diversity. Other studies have also found that 
disturbance increases recruitment (Burke and Grime 1996, Hutchings and Booth 1996, 
Hofmann and Isselstein 2004, Foster and Dickson 2004, Lawson et al. 2004). That grazing 
alone could not increase seedling emergence suggests that seeds and propagules that would 
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norm.ally be recruited into intact grasslands were not available in these restorations. 
Alternatively, it is possible that the seeds were in the seed bank, but that they did not 
germinate and therefore could not emerge. These restoration plantings were approximately 
ten years old, however, which means the seeds must be in the persistent seed bank if they 
have not germinated yet. Additionally, our grazing exclosures were in place for only one and 
a half years, which may not have been enough time for grazing effects to become apparent on 
the existing seed bank. However, if this were true, we would expect to see a decrease in 
emergence inside the exclosures, and not necessarily an increase in grazed areas where 
grazing has already been occurring for several years. 
We found that our third hypothesis, that seed additions and grazing would increase 
seedling emergence, was supported. Turnbull et al. (2000) reviewed papers with seed 
additions in established vegetation and found that, overall, a combination of adding seeds and 
inducing disturbance to reduce dominant vegetation was most important for recruitment. 
Even a parasitic plant, Rhinanthus minor, was able to increase seedling recruitment of added 
species by reducing competitive effects of dominant vegetation (Pywell et al. 2004). In our 
study, grazing alone was unable to increase seedling emergence, but when seeds were added, 
grazing tended to increase emergence of rare prairie species. Seedling enhancement 
increased with light availability, which suggests that when grazing is enhancing emergence, 
the mechanism may be associated with grazers increasing light availability. The effect of 
grazing on seedling emergence with seed additions in the restoration was conditional, 
however, perhaps because of the very different weather conditions between years, but our 
design could not determine this definitively. 
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The intermediate disturbance hypothesis predicts that intermediate disturbances, in 
this case moderate grazing, maximize diversity or other plant community variables (Grime 
1973, Connell 1978). Although grazing conditionally improved seedling emergence of rare 
species when seeds were added, we did not find that the top down effects of grazing on 
seedling emergence here were quadratically related to grazing intensity over the range of 
grazing intensities tested. However, the range of grazing intensities was only between 15 -
60%, and it is still possible that quadratic effects on seedling emergence would have been 
found ifhigher grazing intensities were included. It appears that intermediate disturbances 
did not maximize emergence in these grassland restorations over the range of grazing 
intensities tested. Instead, it appears that grazing effects in general could have an 
increasingly beneficial effect on seedling emergence when seeds are added. 
Knapp et al. (1999) proposed that the target grazing intensity in intact tallgrass 
prairies should be about 0.25 based on historic grazing intensities. The grazing intensities we 
observed in the restoration were sometimes double that estimate. Even with a lower grazing 
intensity, increases in species richness with bison grazing occurred (Collins et al. 1998). 
Here, we found that grazers were not able to increase seedling emergence without an input of 
seeds, suggesting that seed and propagule availability is crucial to maximize plant 
community responses in restorations. 
Increases in exotic species are a primary concern in grazed grasslands (Smith and 
Knapp 1999, Smith et al. 2004). Grazing, which is utilized for grassland management of 
both intact systems and restorations (Collins et al. 1998, Knapp et al. 1999) is of concern 
because the same mechanisms that increase native plant recruitment (i.e., decreased 
dominance and litter, increased light) may also favor exotics (Smith and Knapp 1999). On 
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the other hand, dominance may actually enhance seedling emergence in some cases (Wilsey 
and Polley 2002, Smith et al. 2004). We found no relationship with grazing on exotics in the 
established vegetation or on exotic seedling emergence, suggesting that grazing may not be 
an important factor associated with exotic recruitment into these restored grassland 
communities. 
Native ungulates increase plant species richness, evenness, and diversity in intact 
grasslands (McNaughton 1979a, Hartnett et al. 1996, Collins et al. 1998), but to our 
knowledge their effects on restored tallgrass prairie, which are usually heavily dominated by 
C4 grasses and are much lower in diversity than remnants (e.g. Camill et al. 2004, Polley et 
al. 2005, Martin et al. 2005), have not been reported until now. We found no changes in 
species richness or diversity after one and a half years of grazing, although evenness did 
increase linearly with grazing intensity. The increase in evenness is associated with the 
decrease of dominant biomass achieved through plant defoliation by native ungulates 
(Hartnett et al. 1996). However, grazers may not be able to recruit new species and enhance 
richness and diversity if they are not in the seed bank, as appears to be the case in this 
restoration. 
Seed additions alone increased seedling diversity and richness, but grazing alone or a 
combination of both did not. However, these results only tested the richness and diversity of 
the emerging seedling community. Although seedling emergence is a crucial step towards 
recruitment into a community, the seedlings must establish viable populations before they 
will influence diversity in the long-term. Wilsey and Polley (2003) found that even when 
seedling emergence was high, plant diversity was unchanged due to low seedling 
survivorship in a Texas grassland. It is still too early to estimate how many seedlings will 
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successfully be recruited into this community, and longer-term monitoring is needed to 
determine if seed additions and grazing will increase diversity of the vegetation in the long 
term. 
The effects of grazing on seedling diversity were different between the first and 
second seed addition experiments; the first experiment showed negative linear effects with 
grazing intensity, whereas in the second experiment we saw moderate linear increases with 
grazing intensity. One possible explanation for these opposing relationships is that unlike the 
first year, the weather was cool and wet the second year, and conditions may have been more 
favorable for seedlings to take advantage of increased light levels associated with grazing. 
Conclusions 
Grazing and trampling in grassland restorations increased resource availability (light) 
by decreasing aboveground biomass, but despite this increase in resource availability, 
grazing also increased NPP. Increased NPP likely means that dominant vegetation was more 
readily taking up available nutrients after defoliation. Seedling numbers of rare species not 
only increased when seeds were added, suggesting that the restoration plantings were 
severely seed limited, but under certain conditions, they were also generally positively 
influenced by grazing. This grazer effect was associated with the increase in light 
availability. However, grazing by itself could not increase seedling emergence, probably 
because seeds of rare species were not available to emerge in the restoration. These results 
suggest that it may be advantageous to mimic the positive effects of native ungulates in 
grassland restorations when seeds or propagules of rare species are available to emerge. If 
seed availability is low in highly productive grassland restorations, the positive effects of 
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grazing alone may not increase seedling emergence. However, we measured only seedling 
emergence, and if resources are readily exploited by the existing dominants, their chance for 
survival and recruitment into the plant community may be reduced. Longer-term monitoring 
is necessary to determine if seed additions and grazing promote plant diversity in 
restorations. 
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Table 4. Mean numbers of all seedling species m-2 in the second seed addition experiment. 
Added SEecies are denoted with an(*) and exotics are in bold (Eilers and Roosa 1994). 
Grazed, Grazed, Exclosed, Exclosed, 
Scientific name Common name no seed seed no seed seed 
Ambrosia artemesiifolia Common ragweed 1.88 3.13 0.50 0.25 
Amorpha canescens* Lead plant 0.00 6.75 0.75 6.00 
Artemesia ludoviciana * White prairie sage 0.00 1.00 0.00 0.75 
Aster pilosus Hairy aster 9.38 6.88 14.00 13.25 
Bouteloua curtipendu/a* Side-oats gramma 0.00 0.50 0.00 0.00 
Chamaecrista fasciculata * Partridge Pea 6.38 34.88 3.25 22.00 
Cirsium sp. 0.00 0.13 0.25 0.00 
Conyza canadensis Horseweed 6.38 3.63 6.00 2.75 
Dalea purpurea* Purple prairie clover 0.00 18.38 0.00 12.50 
Daucus carota Queen Anne's Lace 17.63 39.88 14.25 25.75 
Echinacea pa/Iida* Pale coneflower 0.00 4.38 0.00 3.50 
Eryngium yuccifolium* Rattlesnake master 0.00 2.50 0.00 4.00 
Geum canadense White avens 1.50 0.25 0.00 0.00 
Grass 0.00 2.50 0.50 0.75 
Helianthus grossesseratus Saw-tooth sunflower 1.13 0.25 1.50 0.00 
Helianthus rigidus* Prairie sunflower 0.00 1.13 0.00 0.75 
Lactuca sp. 0.38 0.00 0.00 0.00 
Lepidium sp. 0.50 1.00 0.00 0.25 
Round-headed bush 
Lespedeza capitata* clover 0.00 96.88 1.50 64.50 
Liatris pycnostachya* Prairie blazing star 0.00 6.63 0.00 4.75 
Melilotus sp. Sweet clover 0.00 0.00 1.75 1.50 
Monarda fistulosa * Wild bergamot 2.13 9.63 7.75 7.25 
Oxa/is dillenii Yellow wood sorrel 0.75 1.00 0.50 0.25 
Pastinaca sativa Wild parsnip 1.63 4.13 2.25 3.00 
Plantago major Plantain 0.00 0.13 0.00 0.00 
Potentilla arguta* Cinquefoil 0.00 0.25 0.00 0.00 
Prune/la vu/agaris Self heal 1.50 0.00 0.00 0.00 
Pycnanthemum 
virginianum* Common mountain mint 0.00 0.75 0.00 0.00 
Gray-headed 
Ratibida pinnata* coneflower 0.00 1.75 0.50 1.50 
Silphium Jaciniatum* Compass plant 0.00 0.25 0.00 0.00 
So/idago canadensis Tall goldenrod 0.13 0.00 0.25 0.00 
Solidago rigida* Stiff goldenrod 0.25 0.38 0.00 0.00 
Solidago speciosa * Showy goldenrod 0.00 0.25 0.00 0.00 
Sporobolus asper* Prairie dropseed 0.00 0.13 0.00 0.00 
Taraxacum officinale Dandelion 87.25 100.63 59.75 70.00 
Tradescantia bracteata* Spiderwort 0.00 0.13 0.00 0.00 
Trifolium pratense Red clover 0.13 0.00 0.00 0.00 
Trifolium repens White clover 0.25 0.13 0.00 0.00 
Verbena stricta* Hoary vervain 0.00 1.25 0.00 0.50 
Viola pedatifida * Prairie violet 0.00 0.50 0.00 0.25 
Viola sp. 0.13 0.00 0.00 0.00 
Total numbers of seedlings 139.25 351.88 115.25 246.00 
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Fig. 1. Effects of grazing and exclosure from grazing on a) ANPP and b) percent light 
availability at soil surface in a tallgrass prairie restoration. Vertical bars are ± 1 standard 
error. 
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Fig. 3. Number of seedlings (O. lm-2) in grazed and exclosed plots when seeds were added 
and when they were not in two seed addition experimental trials in tallgrass prairie 
restoration. Seeds were added in a) June 2003 and b) April 2004 for the two trials. Vertical 
bars are± 1 standard error. 
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2004 for the two trials. Vertical bars are± 1 standard error. 
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Seeds were added in a) June 2003 and b) April 2004 for the two trials. The relationship for 
the second seed addition (b) was inversely quadratic (P = 0.03), but was no longer quadratic 
and was marginally linear (P = 0.10) when an outlier (circled) was removed. 
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CHAPTER 4. GENERAL CONCLUSIONS 
The increase in grassland restoration projects due to increased fragmentation requires 
that we better understand what we have been able to restore thus far, as well as how to 
improve techniques for restoration of ecosystem processes and community attributes that 
have been least successful. My research focused on both of these basic restoration needs in 
the tallgrass prairie ecosystem, which is one of the most fragmented ecosystems in the world 
(Sampson and Knopf 1994), in an attempt to provide useful information to grassland 
ecologists and restoration practitioners alike for the improvement of restoration research and 
practices. 
The first part of my research examined what aspects of ecosystem processes and 
spatial diversity were restored in a large tallgrass prairie restoration managed with bison and 
fire compared to three nearby remnants. My main findings were that aboveground 
productivity was higher in restoration plantings, and proportion of exotic species, but not 
proportion of exotic biomass, was higher in restorations. Contrary to expectations, 
proportion of p diversity was higher in large tallgrass prairie restorations than remnants, 
which may be due to larger patch sizes of different dominant species. The additive 
partitioning method of diversity did not depend on distance between quadrats per se, and it 
may be used to compare different sized areas. Most importantly, species richness and 
diversity in tallgrass prairie restorations were much lower than in remnants at the 
neighborhood ( quadrat) scale. These results suggest that to improve community diversity in 
restorations, efforts to increase species diversity and richness must be focused at the 
neighborhood scale. 
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Based on our initial findings that local scale methodologies must be improved to 
increase richness and diversity of restorations, the second half of my research focused on 
increasing seedling emergence at the neighborhood scale. I found that seed additions 
consistently increased seedling emergence of rare species, and that seed additions combined 
with native ungulate grazing, which creates microsites in dominant C4 grasses, conditionally 
increased seedling emergence. However, grazing alone did not increase emergence, 
suggesting that seeds were not available to increase emergence in the tallgrass prairie 
restoration as is often found in intact grassland studies (McNaughton 1979, Collins et al. 
1998). It appears that seed input will be crucial to increasing seedling emergence, and native 
ungulate grazing will only improve emergence with the addition of seeds. Longer-term 
monitoring will be necessary to determine if species richness and diversity of the community 
will be affected. 
Taken together, my research shows that improving grassland restorations will initially 
require quantifying restoration success of ecosystem processes and community 
characteristics. When we understand what has or has not been successfully restored, we can 
focus efforts towards improving the least successfully restored ecosystem attributes. Here, I 
found that neighborhood species richness and diversity were much lower in restorations, and 
that seed additions combined with grazing may be one way to improve seedling emergence in 
grassland restorations. 
Future considerations 
As new methodologies are implemented in restorations to improve their success, 
continually quantifying success compared to target systems, i.e. remnants, will enable us to 
84 
determine if we are getting closer to target goals. Therefore, future research should focus on 
the dynamic process of attempting ecosystem restoration improvement and quantifying the 
improvement success compared to remnants. Only then will we know what restoration 
techniques will maximize restoration success. 
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APPENDIX. LIST OF ALL SPECIES AND RELATIVE ABUNDANCES IN 
RESTORATION AND REMNANT SITES 
Mean relative biomass(% of total) and relative frequency of all sampled species in 8-10 
year old plantings in a large-scale tallgrass prairie restoration (Neal Smith National Wildlife 
Refuge) and three prairie remnants (A.C. Morris, Rolling Thunder, Sheeder). Exotic species 
are in bold, and nomenclature follows Eilers and Roosa (1994). 
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